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Abstract. Currently the most precise LHC measurements of the top quark mass are
determinations of the top quark mass parameter of Monte-Carlo (MC) event generators reaching
uncertainties of well below 1 GeV. However, there is an additional theoretical problem when
using the MC top mass mMCt as an input for theoretical predictions, because a rigorous relation
of mMCt to a renormalized field theory mass is, at the very strict level, absent. In this talk I
show how - nevertheless - some concrete statements on mMCt can be deduced assuming that
the MC generator behaves like a rigorous first principles QCD calculator for the observables
that are used for the analyses. I give simple conceptual arguments showing that in this context
mMCt can be interpreted like the mass of a heavy-light top meson, and that there is a conversion
relation to field theory top quark masses that requires a non-perturbative input. The situation
is in analogy to B physics where a similar relation exists between experimental B meson masses
and field theory bottom masses. The relation gives a prescription how to use mMCt as an input
for theoretical predictions in perturbative QCD. The outcome is that at this time an additional
uncertainty of about 1 GeV has to be accounted for. I discuss limitations of the arguments I
give and possible ways to test them, or even to improve the current situation.
1. Introduction
After the discovery of the Higgs boson, making new more precise measurements of the properties
of the Standard Model particles and their interactions is the major aim of current and upcoming
LHC analyses, next to their search for new particles. In this context the measurements of the
top quark mass play an important role because its large size influences many quantitative and
conceptual aspects within the Standard Model as well as in models for physics beyond the
Standard Model. Currently, the most precise measurements come from direct reconstruction of
the top quark decay final states and use templates (or kinematic fits) of data and MC output
to obtain the top quark mass value that describes the data best. The first combination of
data from LHC and Tevatron using the available analysis channels recently obtained the result
mMCt = 173.34± 0.76 [1]. Extrapolations for this method indicate that an uncertainty of below
0.5 GeV might be achieved during the upcoming LHC 14 TeV runs once an integrated luminosity
of 300 fb−1 has been accumulated [2]. For an alternative prospective discussion I also refer to [3].
Unfortunately, the result cannot be used directly as an input for precise NLO/NNLO
theoretical predictions because the measured quantity is the top mass parameter of the MC
event generators which is not a renormalized field theory mass. It has been frequently assumed
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that mMCt should be basically equal to the renormalized top quark pole mass m
pole
t . The
corresponding arguments were, however, at best vague and the corresponding uncertainty has
never been quantified systematically. In this talk I discuss a number of simple thoughts on
the physics of mMCt starting from the assumption that the MC generators can, to a good
approximation, carry out first principles QCD computations - at least for the set of observables
used for the top mass measurements.1 This starting point appears justified due to the good
description MC generators give for these and many other observables. I hope that these thoughts
clarify the issue and might make statements on uncertainty estimates more transparent.
The outcome is that mMCt can be related to specific low-scale short-distance mass schemes
with an uncertainty of around 1 GeV. These mass schemes can then be used in theoretical
predictions or converted to other mass schemes. It is in principle possible to improve the situation
by additional theoretical analyses. Such theoretical analyses can also provide non-trivial tests
of the whole argumentation. More could be said to flesh out the story from a more global point
of view, which would also illuminate the connection to other top mass determinations based on
more inclusive measurements such as the total cross section or recent studies of top-antitop plus
jet final states as well as the relation of the top mass to thresholds or kinematic endpoints.2 But
due to lack of time I will focus here exclusively on the MC mass problem.
2. Comments on the top quark mass in QCD
It is impossible to talk about the matter without discussing some field theoretic and (un)physical
aspects of the top quark mass. The top quark mass is a renormalized quantity of the QCD
Lagrangian due to UV (large momentum) divergences that arise in the top self energy Feynman
diagrams (see Fig. 1) and need to be absorbed into the mass. Additional finite contributions
of the self energy can be absorbed as well in this procedure, and different choices for the finite
contributions define different top mass schemes.
Figure 1. Top quark self energy at NLO.
One very well known scheme is the MS scheme, where only pure UV divergences are
absorbed into the top mass. This scheme is mostly used for processes involving high energies of
order of the mass or above and the corresponding mass m(µ) is renormalization scale dependent
like the strong coupling αs(µ). Physically, the MS scheme is (conceptually and numerically)
very far away from the notion of a physical particle mass relevant for the top quark kinematics.
The parameter m(µ) should be thought more as being a coupling for a heavy quark-antiquark
correlation and is therefore a very good scheme for parameterizing the top Yukawa coupling.
The other very well known scheme is the top quark pole scheme, where all UV and finite
contributions of the self energy are absorbed into the mass in the on-shell limit q2 = (mpolet )
2.
The pole scheme would correspond to our intuitive notion of the top quark’s physical rest
mass, but this notion and its connection to the top quark’s kinematic properties are physically
limited because of confinement. The important conceptual issue in this context is that the pole
mass scheme is based on the perception of the self energy diagram being a meaningful physical
quantity. This is, however, only so for momenta above 1 GeV (which is the energy value I use in
this talk for what theorists call ”hadronization scale”) because perturbation theory breaks down
1 This assumption is needed at the starting point because otherwise almost nothing can be said about mMCt .
2 The methods based on the total and on the top-antitop plus jet cross section allow for the measurement of a
renormalized field theory top quark mass. These methods are less sensitive to the top quark mass than direct
reconstruction and currently yield uncertainties slightly above 2 GeV. I refer to [3, 4, 5] for details and a discussion
of alternative top quark mass determination methods.
for energies below 1 GeV. This concerns the contributions from the top quark self energy as
well as the contributions from the other Feynman diagrams relevant for the process considered
(describing gluon exchange between quarks and gluon radiation). For the top quark pole mass
this is a problem because the pole mass renormalization prescription prevents a specific set
of contributions from momenta below 1 GeV to cancel among all Feynman diagrams. This
problem is known as the pole mass renormalon problem [6] and leads to a deterioration of the
perturbative series in the pole scheme, which subsequently makes a determination mpolet with
a precision of better than 1 GeV intrinsically impossible. The way how this problem becomes
manifest in practice depends strongly on the typical scale of the observable under consideration
with respect to the scale 1 GeV. For typical scales much larger than 1 GeV (e.g. for total or very
inclusive cross sections) the problem might not become obvious even at NNLO, while for typical
scales closer to 1 GeV (e.g. threshold cross sections, bound states or resonance problems) the
issue might so severe that the use of the pole mass scheme is out of question (as I show in Sec. 4).
Let me remark that the large decay width of the top quark is not affecting anything of what I
just said, as was shown in [7]. This is because the renormalon problem is not physical problem,
but one that is ”homemade” by an inappropriate theoretical use of perturbation theory.
We see that thinking about a top mass determination with an uncertainty smaller than 1 GeV
based on templates and kinematic fits, requires devising a more suitable quark mass scheme.
Such a scheme should absorb corrections from the heavy quark self energy as well, but only those
coming from scales above 1 GeV. Indeed, a number of such schemes, called ”low-scale short-
distance masses”, have been devised in the context of top and B physics (see e.g. [8, 9, 10, 11, 12]).
All these schemes differ slightly in the way they are implemented, but they generically depend
on the scale R (which is sometimes called subtraction scale). Only self-energy contributions
above the scale R are absorbed into these mass definition, while self-energy contributions below
R are left unabsorbed such that they can cancel with contributions from other diagrams. I
would like to mention in particular the top quark MSR mass mMSR(R) devised in [13] which
is constructed such that it formally interpolates in a smooth way between the pole and the MS
mass,
mMSR(R)
R→0−→ mpole , (1)
mMSR(R = m(m)) = m(m) ,
and for with the R-dependence is described by a renormalization group evolution equation. In
Ref. [13] it was pointed out that all short-distance masses associated to a given R scale have
somewhat comparable values, so we can view mMSR(R) in the following set of arguments as a
representative for all low-scale short-distance masses with the subtraction scale R. For simplicity
I will therefore only talk about the MSR mass for the subsequent discussion. For a choice of
R ∼ 1 GeV the MSR mass is a scheme which is as close as possible to the pole mass (i.e.
carrying all the kinematic information for reconstruction that can be described by perturbation
theory above 1 GeV) but at the same time avoids the renormalon problem. For the sake of being
specific I will in the following mostly talk about the MSR mass for R = 1 GeV, but I stress that
all scales in the range from 1 to around 3 GeV might be reasonable choices.
3. The top quark mass in the MC event generator
Let us now turn our attention to the role of the top quark mass in a MC event generators,
see Fig. 2. MC event generators contain matrix elements computed in perturbation theory
describing the hard interactions. For top quark production the matrix elements describe the
initial state parton annihilation and the initial production of top quarks and potential additional
hard partons. The MC top quark mass parameter is the mass in the top propagator prior to
the top quark decay. Attached to the hard final state partons of the matrix elements is the
Figure 2. Illustration of MC
components for the final state inter-
actions in top-antitop production.
Figure from D. Zeppenfeld.
parton shower evolution which describes the top decays and the continued splitting into higher
multiplicity partonic states having subsequently lower virtualities. The splitting probabilities
are calculated from perturbative QCD. Some MC’s use other shower evolution parameters such
pT or energy-weighted angles, but the principle is the same.
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Figure 3. Top invariant mass
distribution from kinematic fits
obtained in the CMS analysis [14].
For the matter of my argumentation let me view the parton shower evolution as a way
to sum up perturbative corrections (valid to leading order for the top decay and valid to
an approximate leading logarithmic accuracy for soft-collinear splitting) coming from energies
between the hard scale contained in the matrix element and the virtuality scale. The property
of the parton shower that is important for the conclusions below is that it does not account for
any top quark self-energy corrections. At some point in the evolution the parton shower reaches
particle virtualities of 1 GeV where the perturbative description of the splitting process begins
to fail. At this point, which is called the shower cut Λs, the parton shower terminates and a
hadronization model takes over to turn the partons into observable hadrons or jets of hadrons
that can be observed. Conceptually, the MC event generator follows the logic of factorization
which states that to a good approximation the various energy (or virtuality) ordered processes
can be described separately. For all MC event generators, however, the implementations (or
tunes) of the hadronization models are strongly tied to details of the implementations of the
parton-shower which are described by a probabilistic Markov chain. It is the result of the tunig
procedure (to a set of well known reference processes) that the resulting quality of MC generators
to describe hadron level data, particularly in the soft-collinear limit is frequently so high, and
that one does not have to worry about let’s say missing NLO virtual corrections in the parton
shower. The question on how to interpret the MC top mass mMCt from the first principles QCD
point of view is therefore also a question on whether MC generators are more like very good
models or more related to first principles QCD.
From this set up it is straightforward to see how the templates used for fitting the MC top mass
depend on the different components of the MC event generator. Let’s take the reconstructed
top invariant mass distribution as a concrete example, see Fig. 3. The hard matrix elements
describe the production rate of the hard configuration of the top quark events. So to a good
approximation the hard matrix elements affect only the overall norm of the top invariant mass
distribution, but not the details of its form or where it is peaked. The reconstructed top invariant
mass distribution calculated by the MC generator is therefore determined by the value of the
MC top mass, the parton shower and the hadronization model. The MC top mass determines
the overall location of the mass range where the distribution is peaked. The parton shower and
the hadronization model provide additional effects that further modify the shape and the peak
location, and the interplay of both is essential for MC top mass measurements with uncertainties
below 1 GeV.3 In this context the parton shower is responsible for perturbative QCD corrections
and the hadronization model is responsible for non-perturbative QCD corrections.
Finally we are at the point where we should address the question of the physical interpretation
of the MC top mass parameter in the templates. Recalling that the perturbative corrections
summed up by the parton shower evolution do not account for any top quark self-energy
contribution we must consider them being absorbed into the MC mass parameter, but only
for energy scales above the shower cut Λs = 1 GeV. For scales below 1 GeV the partonic degrees
of freedom are not used any more and the non-perturbative hadronization model is employed.
The infrared issues known from perturbative QCD from scales below 1 GeV never arise in this
context and there are also no perturbative contributions to the mass parameter coming from this
region. This already tells us that mMCt is not the top quark pole mass. Recalling our discussion
in Sec. 2 we see that the MC top mass mMCt has, as far as its perturbative contributions from the
self-energy are concerned, the same features as the low-scale short-distance masses such as the
MSR mass mMSR(R) with R equal to the shower cut of 1 GeV. The difference between the MC
top mass mMCt and the MSR mass m
MSR
t (R = Λs) is mainly related to the contributions coming
from scales below Λs = 1 GeV: The MSR mass is employed within full QCD calculations (using
dimensional regularization) where perturbation theory contributes corrections from below the
scale R = 1 GeV and hadronization effects are included based on factorization. The MC mass,
on the other hand, is employed exclusively within a hadronization model.
From this we can conclude that the difference between the two masses (which both are
quantities with dimension of energy) is a non-perturbative contribution of around 1 GeV:
mMCt = m
MSR
t (R = 1 GeV) + ∆t,MC(R = 1 GeV) , (2)
∆t,MC(1 GeV) ' O(1 GeV) .
The term ∆t,MC(R) is actually a sum of a perturbative and a non-perturbative contribution.
The perturbative component controls the scheme-dependence on the RHS of Eq. (2), e.g. related
to variations in the choice of R around 1 GeV. Since mMSRt (R) is unambiguously defined as a
perturbative QCD series currently known up to O(α3s) [13] , the RHS of Eq. (2) can be reliably
converted to any other short-distance mass scheme. So it is possible to express the RHS in terms
of mMSRt (R) for another R value, with a corresponding scheme change in ∆t,MC(R), since m
MC
t
is R-independent. – But only for R close to 1 GeV the size of ∆t,MC(R) is around 1 GeV.
Relation (2) and the statement about the size of ∆t,MC(1 GeV) are the central results arising
from our thoughts. They parameterize – in I believe the best possible way – the meaning of
the MC top quark mass and what the numerical value from [1] means within the context of
QCD from first principles. They have been derived before in Ref. [15] using a similar set of
thoughts based on a calculation of the reconstructed invariant mass distribution for boosted
top quarks in e+e− annihilation [9, 16].4 The conceptual reliability of these thoughts and thus
3 The experimental strategies for the definition of the templates often include ways to minimize the contributions
from soft radiation. This does, however, not remove the importance of parton shower and hadronization model
for the intrinsic meaning of the MC top mass which is observable independent.
4 In Ref. [15] ∆t,MC(R ≈ 1 GeV) was treated as an uncertainty, parameterized by a variation of R, and the
relation corresponding to (2) was quoted as mMCt = m
MSR
t (3
+6
−2 GeV).
of the relations (2) themselves is mostly based on the interplay of the MC generator’s parton
shower, which is at best a leading-logarithmic approximation, and the MC generator’s tuned
hadronization model. We are back to the question whether the MC generatos are more like
models or more first principles QCD. One might argue that there is no need to worry about
this (too much), because the MC generators are known to describe the templates used for the
reconstruction method much better than a theoretical leading-logarithmic approximation could
ever do, and because of the observed consistency of the various MC mass determinations. In
any case, there certainly are conceptual and maybe even numerical limitations in relation (2)
that still need to be tested theoretically. I come back to this in Sec. 6, where I discuss how
∆t,MC(R = 1 GeV) might be determined.
4. Top mesons, connection to B physics and current estimates of ∆(R = 1 GeV)
The conceptual relation encoded in (2) has an interesting and well-known analogy. This is
the difference between the mass of a T meson (i.e. bound states of a top quark and a light
anti-quark) and mMSRt (R = 1 GeV). For this relation heavy quark theory [17] states that ∆ is
non-perturbative and has a size of around 1 GeV just as given in (2). The analogy it not to be
understood as a physical statement since the MC top mass parameter is not parameterizing a
meson mass (not even in the limit of stable top quarks where mesons could in principle form and
also because the top is colored while mesons are not). Rather, the relation should be understood
as a practical expression which carries all the conceptual aspects we have discussed above. I
have to admit, however, that the idea of associating physical particle properties to top quark
propagating in the MC simulations is not uncommon in the community, so that the analogy to
the T meson should not be too uncomfortable.
Based on the idea that we might consider mMCt to be like a T meson mass we can now draw
a connection to B physics, where the analogous relation for a B meson mass reads
mB = m
MSR
b (1 GeV) + ∆b,B(R = 1 GeV) , ∆b,B(1 GeV) ' O(1 GeV) , (3)
and heavy quark theory [17] further states that ∆b,B is quark mass independent. Since ∆b,B
is non-perturbative and quite hard to calculate from QCD, the sub-MeV precision in the
experimentally known B meson masses cannot be transferred to a sub-MeV level precision for
the bottom quark mass. In fact, ∆b,B is so hard to calculate that current most accurate ways
to determine the bottom mass are based on completely different methods reaching uncertainties
at the level of 50 MeV or somewhat below [18]. However, from the PDG we can determine
∆b,B(1 GeV) using the perturbative relation (known at O(α3s)) of the quoted bottom 1S
mass m1Sb = 4780 ± 66 MeV to mMSRb (1 GeV). The perturbative conversion uncertainty is
negligible and the results are shown in Tab. 1 for different B mesons. We see that the value
for ∆b,B(1 GeV) range between around 0.49 and 0.95 GeV which is compatible with the generic
estimate of 1 GeV. Because, due to heavy quark symmetry, these numbers would be unchanged
for the corresponding T mesons we might take them as a guideline for values we can expect for
∆t,MC(1 GeV). For comparison I have also shown the corresponding numbers for R = 2 GeV.
Interestingly for the B mesons masses we can also illustrate in a striking way the problems
of using the pole mass scheme: If one attempts to determine ∆b,B for the pole mass scheme, the
outcome is order-dependent and incoherent because of the pole mass renormalon problem. Here
the renormalon problem in manifest in the perturbative relation between the 1S mass (which is a
low-scale short-distance mass) and the pole mass that breaks down. Since a coherent numerical
analysis with properly quoted uncertainties is impossible in this context, let me just quote that
for m1Sb = 4.78 GeV the pole mass values at (1,2,3) loops read (5.01, 5.10, 5.74) GeV, (4.88, 4.99,
5.18) GeV and (4.85, 4.94, 5.08) GeV converting for the renormalization scales µ = 1, 2 and
3 GeV, respectively. The spread of values is by far larger than the uncertainty in the 1S mass
disqualifying the pole mass in this context.
Table 1. Some B mesons masses, MSR masses mMSRb (1 GeV) and m
MSR
b (2 GeV) from m
1S
b =
4780± 66 MeV [18], and corresponding values for ∆b,B. All in units of MeV, αs(mZ) = 0.1184.
mMSRb (1 GeV) m
MSR
b (2 GeV) m(B
0) m(B∗) m(B01) m(B∗2)
4795± 69 4571± 69 5279.58± 0.17 5325.2± 0.4 5724± 2 5743± 5
∆b,B(1 GeV) 485± 69 530± 69 929± 69 948± 69
∆b,B(2 GeV) 709± 69 754± 69 1153± 69 1172± 69
5. Some practical consequences
From the thoughts above a number of practical consequences emerge:
• Using event generators with NLO vs. LO hard matrix elements for MC top mass
measurements from templates (or kinematic fits) based on direct reconstruction does to
a good approximation not affect the interpretation of mMCt . This is because the more
essential ingredient is the parton shower (plus hadronization model tuned to the same
reference processes) that is used in a leading approximation in all current MC generators.
• The MC top mass mMCt in principle depends on details of the implementation of the parton
shower and the tuned hadronization model in each MC generator. Current reconstruction
analyses based on different MC’s seem to indicate that the differences are not big. It
should be mentioned, however, that sizeable differences might arise for MC generators with
NLO improved parton showers, since they would also entail a significant change in the
hadronization model tunes.
• Relation (2) can also be formulated using other quark mass schemes on the RHS of the
equality. The term ∆t,MC then depends on the scheme, and all schemes can be converted
by perturbation theory. For low-scale mass schemes closely related to mMSRt (1 GeV) the
size of ∆t is expected to be minimal.
• Each MC event generator’s MC top mass has a unique meaning and its measured value
should not depend on the observable one considers. So it should also not matter whether
measurements are based on data from hadron or lepton colliders.
• In experimental top quark mass analyses which aim to determine the MS mass mt(mt), e.g.
from inclusive cross sections, MC event generators can be used to determine experimental
efficiencies. In this context Eq. (2) together with known perturbative relation between the
MS mass and mMSRt (1 GeV) should be employed to relate mt(mt) and m
MC
t .
• At this time we do not have more information on ∆t,MC(1 GeV) than shown in (2). So at this
time ∆t,MC(1 GeV) ∼ 1 GeV should be taken as uncertainty. Because we are talking about
a theoretical error a more precise statement is impossible. I stress that this uncertainty is
not an additional uncertainty in mMCt , but one in the relation of m
MC
t to m
MSR
t (1 GeV).
• One can also relate mMCt to the top quark pole mass using a relation similar to (2). However,
making a proper estimate for the uncertainty associated to ∆t,MC is harder. This is because
using the top quark pole mass in theory calculations can leads to a systematic bias that
can vary case-by-case. In general, for the pole mass 1 GeV should be considered as a lower
bound for the size of ∆t,MC. The issue can be very severe in predictions for observables
involving small energies (e.g. top pair threshold at a lepton collider) and might be milder
for observables involving very high scales (e.g. total cross sections at large c.m. energies).
6. Outlook and possible improvement
The current situation could be improved by a determination of ∆t,MC(1 GeV). This can only
be achieved by comparing hadron level predictions for templates such as the reconstructed top
invariant mass distribution made by the MC event generator with corresponding hadron level
first principle QCD calculations. So far first QCD calculations of such kind have been achieved
already in the context of e+e− collisions [9, 16]. From the comparison one can calibrate the MC
mass in terms of a well defined field theory mass. Such first principles QCD calculations must
have control over the full top quark mass dependence and involve perturbative as well as non-
perturbative components and are thus beyond the realm of purely perturbative QCD calculations
regardless at which level they contain fixed-order corrections or logarithmic resummations. They
might of course be also used directly to determine a well-defined field theory top quark mass from
experimental data. However, calibrating the MC mass has a merit if the observable considered
for the comparison is less suitable for data analysis, e.g. due to background or pile-up issues,
but still highly sensitive to the MC mass. In the best of cases we might expect a precise
determination of ∆t,MC(1 GeV) with a small error.
To conclude, I would like to reiterate that the conceptual basis of the MC top mass has
intrinsic limitations that cannot be overcome - simply because MC event generators are not
really first principles QCD computers. These limitations are related to the question how close
MC event generators are to first principles QCD. These limitations will become manifest in
the calibration analyses mentioned above e.g. by irreducible discrepancies to the first principles
QCD predictions or by an observable-dependence of the MC mass calibrations, and they will
set the ultimate precision to which ∆t,MC(1 GeV) can be determined. So the precision to which
∆t,MC(1 GeV) can be determined is a reflection of the conceptual meaning of the MC top quark
mass. However, for the time until such theoretical analyses have been carried out thoroughly,
∆t,MC(1 GeV) has to be treated as an uncertainty.
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